A pipe-wall thinning phenomenon behind an orifice in a circular pipe is studied by measuring the mass transfer using the naphthalene sublimation method. An attention is placed on an asymmetric increase of local mass transfer behind the orifice, which is combined with the influence of swirling flow and the orifice bias. The present results indicate that the mass transfer is generally increased with an increase in swirl intensity. However, it becomes asymmetric by the combined effect of the orifice bias for the bias larger than 0.4% of the pipe diameter and the swirl intensity larger than approximately 0.2. The enhanced mass transfer is found on the shorter orifice side behind a biased orifice, and the maximum mass transfer is increased 40% in comparison with the case without swirl and orifice bias.
Introduction
Pipe wall thinning in a pipeline of nuclear/fossil power plants is an important topic of interests from the point of safety management and maintenance of highly aged power plants. It is well known that one of the causes of the pipe-wall thinning is due to the flow accelerated corrosion (FAC), which is the corrosion phenomenon of the pipe-wall material accelerated by the flow turbulence. This phenomenon often occurs in highly turbulent flow region in the pipeline, such as in the pipe behind orifice, T junction, elbow, and so on. Although the fundamental aspects of this phenomenon has been studied experimentally and numerically, this phenomenon has not been fully understood yet due to the complexity of this phenomenon related to the water chemistry, fluid mechanics, heat and mass transfer and solid mechanics of the pipe-wall material, and so on.
In 2004, a pipe-wall thinning accident due to FAC occurred in the pipeline of Mihama nuclear power plant in Japan. According to the report by NISA [1] , the pipe-wall thinning appeared on the pipe wall behind the orifice, which was found over the pipe wall for several pipe diameters downstream from the orifice. An interesting point was that the pipe-wall thinning became asymmetric about the pipe axis, in spite of basically symmetrical arrangement of the circular orifice in a circular pipe. It should be noted that the rupture accident of the prototype pipeline was expected to be accelerated by the asymmetric pipe-wall thinning, because the pipe-wall thinning on one side was much larger than the other side of the pipe.
Although there are many experimental and numerical studies on the flow behind the orifice [2] [3] [4] [5] [6] [7] [8] [9] [10] , the occurrence of asymmetrical flow behind the orifice has not been studied in literature except for a few recent studies on the flow behind the biased orifice [11] [12] [13] [14] . Ohkubo et al. [12, 13] carried out the PIV measurement for the orifice flow and showed that the combined effect of the swirling flow and the small orifice bias of 0.7% can produce the asymmetric flow pattern behind the orifice. It should be mentioned that the orifice bias corresponds to the pipe diameter error, which is known to be 0.8% of the pipe diameter (JIS G3456). Therefore, the flow through an orifice is essentially unstable to the small disturbances caused by the minor asymmetry of the orifice. In this asymmetric flow, Takano et al. [14] showed that asymmetric mass transfer occurs behind the orifice by using the naphthalene sublimation method. From the point of view of pipe-wall thinning management, it is important to clarify the critical condition for the occurrence of the asymmetric mass transfer, which is closely related to the pipe-wall thinning.
The purpose of this study is to understand the critical condition for the occurrence of asymmetric flow pattern and mass transfer in the flow behind the orifice due to the combined effect of the swirling flow and the orifice bias, using the mass transfer measurements by the naphthalene sublimation method. Figure 1 shows a schematic illustration of the experimental apparatus for mass transfer measurements in the flow behind an orifice. The experimental apparatus consists of a blower, a straight pipe section, a swirler and a test pipe with an orifice. The flow rate of the air was measured in the downstream of the test section using an orifice flow meter. Note that the flow rate was adjusted by the inverter by controlling the rotational speed of the blower. The Reynolds number of the flow through the pipe was set to Re ( = UD/ν) = 1.9 × 10 4 , where U is the bulk velocity, D (= 56 mm) is the pipe diameter, and ν is the kinematic 
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Vol. 6, No. 3, 2012 viscosity of the air. The swirling flow is generated by the swirler, which consists of six flat plates inclining at a certain angle to the circumferential direction. In the present experiment, three swirlers with plate angles α = 15°, 22.5° and 30° are made to study the influence of the swirl intensity on the mass transfer measurements. The picture of the swirler with plate angle 30° is shown in Fig. 2 .
The test section is made of aluminum material to keep the high circularity and smoothness by machining the surface. A circular orifice plate is attached to the flange structure in the test section. The orifice has a diameter ratio of 0.6 to meet the experimental condition of the prototype pipeline [1] . In order to obtain a certain orifice bias in the vertical direction, the position of the orifice plate was controlled by a screw in the flange structure. The magnitude of the orifice bias is set to ε = 0.4%, 0.8% and 1.2 % of the pipe diameter D in the present experiment. Note that the orifice bias 0.8 % corresponds to the allowable pipe diameter error of the steel pipe for nuclear/fossil power plants (JIS G3456).
Mass transfer measurement
The measurement of mass transfer behind the orifice in a circular pipe was carried out by using the naphthalene sublimation method [15] . This method allows the evaluation of mass transfer coefficient h on the naphthalene surface in the air flow. The mass transfer coefficient h can be evaluated from the following equation;
where δz/δt is the thinning rate of the solid naphthalene in a unit time, ρ s is the density of solid naphthalene, ρ v is the density of vapour naphthalene. In the present study, the thinning rate δz/δt was evaluated from the depth measurement by the confocal laser displacement sensor, and the densities of the solid and vapour naphthalene were evaluated from the temperature measurement in the air flow by a thermocouple, using the empirical formula of Ambrose et al. [16] . It was assumed that the surface temperature of naphthalene was approximated by the air flow temperature. The air flow temperature was controlled not lower than 293 K. By evaluating the diffusion coefficient D i of the vapour naphthalene from the empirical formula of Goldstein-Chou [15] , the Sherwood number Sh (= hD/D i ) is obtained. Figure 3 shows the schematic illustration of the test section behind the orifice for measuring the thinning rate on the solid naphthalene. The test section consists of two separate semi-circular blocks, which are joined behind the orifice to form a circular pipe. The mass transfer measurements were carried out on the middle section along the centerline, where the naphthalene was casted in the circular grooves of the semi-circular blocks. The height of the groove is 2 mm and the length is 140 mm behind the orifice. The width of the circular groove is 84 mm in the circumferential direction, which is wide enough not to be influenced by the side wall of the groove. The molten naphthalene was casted into the groove on the semi-circular blocks. The melting temperature of the naphthalene is 353 K. In order to cast the naphthalene into the groove, the aluminum test section was heated up to 360 K before casting the naphthalene. Then, both the test section and the casted naphthalene were gradually cooled down to the surrounding temperature. Finally, the surface of the naphthalene was polished by the emery papers to remove the surface roughness. The picture of the test section is shown in Fig. 4 .
The mass transfer measurements were carried out along the centerline of each semi-circular block, using a confocal laser displacement sensor. This sensor had an accuracy of measurement less than ± 0.1 μm. The line traverse of the laser sensor was made by the traversing equipment driven by a stepping motor, which allowed the measurement of thinning rate along the centerline on the top and bottom of the test section, where the maximum displacement of the orifice bias occurred. The thinning rate of the naphthalene was evaluated from the depth measurement of the naphthalene surface before and after the experiment. The duration time of the experiment was set to 30 minutes, which resulted in the average surface-height variation of 50 to 60 μm.
Results and discussion
Swirl intensity
The measurements of swirl intensity were carried out in the circular pipe without orifice. The experiments were conducted in the water tunnel using the standard PIV system [12] . For details of the experimental technique see Ref. [12] . Based on the mean velocity distribution measured in the two cross-sections of the pipe flow, the swirl intensity in the test section is evaluated [12] . Note that the swirl intensity is defined as follows [17] :
where R: radius of the pipe, r: distance from the pipe axis, u: streamwise mean velocity, v θ : circumferential mean velocity. The results are summarized in Table 1 , which indicates that the swirl intensity ranges from S = 0 to 0.3 in the present experiment. This range of the swirl intensity is in close agreement with that in the scaled-model-experiment of the prototype pipeline [1] .
Validation of mass transfer measurements
In order to validate the mass transfer measurements by the naphthalene sublimation method, the mass transfer measurements were carried out in a circular pipe without orifice. Figure 5 shows the variations of the Sherwood number Sh with the Reynolds number Re, which is compared with the empirical formula of mass transfer in a circular pipe flow by Petukhov [18] . The present measurements are in close agreement with the empirical formula in the range of uncertainty of measurement, which is represented by the marker size in Fig. 5 . It should be mentioned that the uncertainty of the mass transfer measurement is estimated as 7.3% with the confidence interval of 95%. Figure 6 shows the Sherwood number distributions behind the orifice without bias for various swirl intensities ranging from 0 to 0.3, which are plotted against the distance x/D from the orifice. The Sherwood number distribution without swirling flow shows a peak in the downstream distance x/D = 1-2, and the maximum value reaches to Sh max = 380, which is about 4 times larger than that without orifice at the same Reynolds number Re = 1.9 × 10 4 . Thus, the present result indicates that the mass transfer is greatly increased behind the orifice in comparison with that of the circular pipe flow without orifice. Note that the mass transfer ratio 4 agrees with the previous measurements of pipe-wall thinning behind the orifice [2] , which suggests the effectiveness of the mass transfer measurements instead of the direct measurement of pipe-wall thinning of steel pipe. On the other hand, the Sherwood number distribution increases gradually with an increase in swirl intensity, and the position of the maximum Sherwood number moves upstream. Therefore, the swirling flow is considered influential on the Sherwood number distribution behind the orifice. Note that the Sherwood number distribution behind the orifice without bias is keeping symmetry with respect to the flow axis. Figures 7(a)-(d) show the Sherwood number distributions behind the biased orifices for various swirl intensities S = 0 (a), 0.09 (b), 0.16 (c), and 0.25 (d), respectively. Each figure shows the results for various biases of ε = 0.4%, 0.8%, and 1.2% with respect to the pipe diameter. The Sherwood number distributions behind the biased orifices without swirl (S = 0) show that the mass transfer does not change by the influence of the orifice bias in the range of the present study. This is true for the mass transfer behind the biased orifice with small swirl intensities of S = 0.09 (b) and S = 0.16 (c). On the other hand, the Sherwood number distributions with large swirl intensity of S = 0.25 (d) indicate the variation of the mass transfer rate with respect to the orifice biases. The Sherwood number increases on the shorter orifice side with increasing the orifice bias and it decreases on the longer orifice side. It should be noted that the influence of the orifice bias is found even for the small bias as small as 0.4% of the pipe diameter. It seems that the position of the maximum Sherwood number moves slightly upstream by increasing the orifice bias on the shorter orifice side and vice versa on the longer orifice side. These results indicate that the asymmetric distribution of mass transfer is generated behind the biased orifice, when the swirl intensity increases beyond approximately S = 0.2 and the orifice bias is larger than 0.4% of the pipe diameter. This result is supported by our preliminary study of mass transfer measurement behind the biased orifice ε = 0.7% combined with a swirling flow at S = 0.23 [14] .
Mass transfer measurements in swirling flow
Mass transfer measurements in swirling flow with orifice bias
The increase in mass transfer behind the orifice is due to the growth of flow turbulence, which has been observed in the PIV measurement of the flow field behind the orifice [13] . On the other hand, the presence of the swirling flow promotes the flow turbulence behind the orifice and results in the growth of mass transfer in the pipe flow [13] . On the contrary, the velocity field behind the orifice is modified by the orifice bias for generating the biased flow directed to the shorter orifice side, which results in an increase in the mass transfer on the shorter orifice side. It should be mentioned that the generation of the biased flow behind the orifice is greatly contributed by the instability of the swirling flow through the orifice [13] . Figure 8 (a) shows the variations of the maximum Sherwood number distribution on the shorter orifice side with respect to the swirl intensity S and the orifice bias ε. The results are obtained from the present measurements for various combinations of swirl intensities and orifice biases. Note that ε is the orifice bias normalized by the pipe diameter. The result on the shorter orifice side indicates that the maximum Sherwood number increases, when both the swirl intensity and the orifice bias become larger. The largest Sherwood number is found in the region of swirl intensity S > 0.2 and the orifice bias ε > 0.4%. It should be mentioned that the maximum Sherwood number is increased more than 40% by the combined effect of swirl intensity and orifice bias on the shorter orifice side. On the other hand, the maximum Sherwood number distribution on the longer orifice side shows the moderate magnitude of Fig. 8(b) ). Therefore, the degree of asymmetry in mass transfer can be found in this region. This consideration suggests that the critical condition for the occurrence of asymmetric mass transfer in the flow behind the orifice can be found in the region S > 0.2 and ε > 0.8%. This result indicates that the diameter error of the standard pipeline (JIS3456) is critical for the occurrence of asymmetric pipe-wall thinning, so that the swirl intensity has to be controlled smaller than 0.1 to avoid the asymmetric pipe-wall thinning in the pipe behind the orifice.
Conclusions
The combined effects of the swirling flow with the orifice bias on the pipe-wall thinning behind an orifice in a circular pipe were investigated to understand the condition for the occurrence of asymmetric pipe-wall thinning. In order to obtain the condition, the mass transfer measurements were carried out behind the orifice in a circular pipe by naphthalene sublimation method in wind tunnel for various combinations of swirl intensity and orifice bias. The asymmetric mass transfer was found behind the orifice with a bias larger than 0.4% of the pipe diameter, when the swirl intensity became larger than approximately 0.2. The maximum Sherwood number was increased more than 40% in the present experiment by the combined effect of the swirl intensity and orifice bias. The role of the swirling flow was to enhance the mass transfer behind the orifice, while that of the orifice bias was to trigger the generation of the asymmetric flow behind the orifice. The mass transfer increased on the shorter orifice side and was decreased on the longer orifice side in the asymmetric mass transfer condition. The asymmetric mass transfer in the pipe behind the orifice can be suppressed by controlling the swirl intensity smaller than 0.1.
